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ABSTRACT 


The escalating need for efficient wastewater treatment methods, especially for industrial effluents 
Persistent Organic Pollutants (POPs) and dye, has led to the development of innovative solutions. 
Conventional methods like biological oxidation and membrane separation have limitations such 
as long treatment times, high sludge production, and incomplete degradation. Hydrodynamic 
Cavitation (HC), combined with Advanced Oxidation Processes (AOPs), is one such emerging 
technique. AOPs are highly efficient in generating reactive hydroxyl radicals (OH-), which can 
oxidize and degrade pollutants that are otherwise resistant to conventional treatments. In this study, 


cavitation was generated using an orifice plate hydro-cavitator or venturi device. 


EHC uses the powerful process of hydrodynamic cavitation, where bubbles rapidly form and 
collapse, creating intense heat and pressure that lead to the formation of highly reactive hydroxyl 
radicals (OH-). These radicals are key to breaking down tough pollutants efficiently. The report 
explains how cavitation devices like orifice plates and venturi tubes are used to optimize this 
process. 

Combining EHC with AOPs, such as the Fenton reaction and ozonation, amplifies the oxidation 
power, enabling faster and more complete pollutant removal while minimizing the use of 
chemicals. Case studies show remarkable results, including up to 99% removal of dyes and 
significant reductions in Total Organic Carbon (TOC). This evidence underscores that EHC- 


assisted AOPs can meet the complex demands of industrial wastewater treatment. 
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1. INTRODUCTION 


1.1. Background on wastewater treatment methods 


Efforts to tackle the challenge of wastewater treatment have escalated due to the persistent 
presence of bio-refractory pollutants in industrial effluents, which pose significant environmental 
risks. These pollutants, resistant to conventional biological treatment methods, are primarily 
released by sectors such as pesticides, dyes, and textiles, contributing to water pollution. In 
response, researchers have developed various advanced oxidation processes (AOPs) including 
carbon bed adsorption, chlorination, ozonation, and electrochemical techniques. AOPs generate 


highly reactive hydroxyl radicals capable of breaking down complex organic substances.[2] 


One promising method that has emerged is hydrodynamic cavitation (HC), which enhances the 
treatment of bio-refractory pollutants by creating cavities through pressure fluctuations in devices 
like venturi orifice plates. This process generates reactive species that aid in pollutant 
decomposition, offering improved treatment efficiency and energy conservation over traditional 
methods. Additionally, combining AOPs with HC has shown favourable results in accelerating the 


breakdown of pollutants.[7] 


The increasing need for effective wastewater treatment solutions has led to the exploration of 
innovative techniques, particularly Electrochemical Hydrodynamic Cavitation (EHC), which 
holds promise for overcoming the challenges posed by bio-refractory pollutants in aquatic 


environments. [3] 


1.2 Introduction to Electrochemical Hydrodynamic Cavitation (EHC) 


technique 


There is an increasing demand for effective wastewater treatment solutions, particularly for 
Persistent Organic Pollutants (POPs) and dye residues from industrial effluents. Traditional 
methods, such as biological oxidation and membrane separation, often face challenges like 
prolonged treatment times, high sludge production, and inadequate pollutant degradation. To 
address these issues, the integration of Hydrodynamic Cavitation (HC) with Advanced Oxidation 


Processes (AOPs) has emerged as a viable solution. [3] 


AOPs are crucial for generating reactive hydroxyl radicals (OH-) capable of oxidizing and 
decomposing pollutants resistant to conventional methods. HC facilitates cavitation through 
devices like orifice plate hydro-cavitator or venturi mechanisms, which create rapid bubble 
collapse and release energy to degrade impurities in water. This combined approach has proven 
effective in treating various types of industrial wastewater, including textile dyes, tannery effluent, 
and POPs, showcasing its efficacy and scalability. The integration of these advanced techniques 
represents a significant advancement in the field of wastewater treatment, offering a promising 


pathway to address complex environmental challenges. [1] 
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Figure 1.1 Formation of gas bubble in venturi tube [7] 
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Figure 1.2 Sketch of the HC experimental setup [13] 


2. LITERATURE REVIEW 


Table 2.1 Literature review 


Cavitation Process Results 
Reference | Effluent Type Techniques Used 
Device Parameters 
Significant POP 
Persistent 
AOPs: Fenton, Os, degradation, higher 
1 Organic venturi PH: 2-3.5 range 
UV than individual 
Pollutants 
AOPs 
Pressure: upto 50-60% TOC 
orifice plates 
Industrial 1500 psi reduction, 
with Advanced Fenton 
2 wastewater Temp: 30°C enhanced 
recirculation | Process (Fe, H2O2) 
(phenolics) Cavitation Time: | degradation at high 
system 
15-60 min pressure 
Textile PH: 2 99% dye removal 
Venturi + Photo-Fenton 
3 wastewater Temperature:20 | in 15 minutes at pH 
orifice plate Process + UV 
(Red-G dye) °C 2 
PH: 3-4 (in 
Significant COD 
Tannery Oriface Ozonation + Fenton Process) 
4 reduction, lower 
wastewater (2-6)mm Fenton + UV Ambient 
sludge production 
Temperature 
77% removal in 60 
H202: 227.2 ppm 
minutes 
FeSOa: 6.9 ppm 
99% dye removal 
Dye: 20.1 ppm 
in 115 minutes 
venturi + Fenton process and pH: 2 
5 Red-G dye under optimized 
orifice plate Photo-Fenton Temperature: 
conditions with 
25°C 
HC-assisted Fenton 
Time: 60-115 
and Photo-Fenton 
minutes 


process 


Pressure: 10.3 


Congo Red 
7 ' Orifice Plate Only HC kPa; Flow Rate: 50% degradation 
C 
0.14 m/s 
Pressure: 10.3 
Sulfamethoxaz 
7 Orifice Plate Only HC kPa; Flow Rate: 25% degradation 
ole Antibiotic 
0.41 m3/s 
O3 Flow: 1.92 
Triazophos Combined H202 (1-2 gL!) Near 100% 
8 g/min; Pressure: 
Insecticide HC + Ozone | Fe2+ (0.5-3 gL!) degradation 
4.93 atm 
Sono- 800 kHz 
Sonocavitator 800 
8 Chlorobenzene | Hydrodynami a ultrasound + 100% removal 
Z, 
c Cavitation Fenton reagent 
24- H2O> (1-2 gL! ) Pressure: 3.95 
8 HC + Fenton 99% degradation 
Dinitrophenol Fe2+ (0.5-3 gL! ) atm; 
pH: 3; Pollutant: 
Pharmaceutical 
Paracetamol; 
Wastewater Orifice Plate 
Concentration: 35 | 60% degradation of 
9 (Paracetamol, | (3mm, 5mm), Only HC 
ppm; Pressure: paracetamol 
Coumarin, Vortex Diode 
200 kPa; Reaction 
etc.) 
Time: 10 min 
pH: 2; Pollutant: 
Textile 
Orange II Dye; 
Wastewater 
Orifice Plate Concentration: 20 | 90% dye removal 
(Orange II 
(2-6mm), ppm; Pressure: (2mm), 85% 
7 Dye), Only HC 
Venturi (10 300 kPa; (4mm), 83% 
with (PFOA) 
mm) Temperature: 22— (6mm) 
perfluorooctan 
34°C; Reaction 
oic acid 
Time: 10 min 
10 Industrial Multi-hole Only HC pH: 2; Organic 80% degradation 


Effluent 
(Orange II 


sodium dye) 


Orifice Plate, 
Venturi (10 


mm) 


Compounds; 
Hydrogen 
Peroxide (H2O2); 
Pressure: 1200 
psi; Reaction 


Time: 10 min 


with venturi + 
H202; 70% with 


venturi alone 


29 Textile dye Multi-orifice Hydrodynamic Pressure: 5.8 bar; 61% decolorization 
(Rhodamine B) plate cavitation (HC) Dye conc.: 5 mg/L; | at 5.8 bar in 120 min 
pH: 3 
30 Pesticides Venturi tube HC + Advanced Pressure: 4.8 bar; 89% degradation 
(Atrazine) Oxidation Process Pesticide conc.: 10 within 60 min 
(AOP) mg/L; pH: 7 
31 Industrial POPs Vortex diode | HC + Fenton Process Pressure: 3 bar; 76% COD reduction 
Temp: 25°C; COD: in 90 min 
200 mg/L 
29 Rhodamine 6G Circular/slit HC + Oxidant Pressure: 5 bar; 32% degradation in 
venturi (H202) Dye conc.: 10 120 min 
mg/L; pH: 10 
31 Textile dyes HC + Ti02 HC + Photocatalysis UV light; Dye 98% degradation in 
photocatalysis conc.: 15 mg/L; 40 min 


pH: 4 


2.1. Studies on the effectiveness of EHC in treating industrial effluents 


Numerous research studies have highlighted the efficacy of Electrochemical Hydrodynamic 


Cavitation (EHC) in the treatment of industrial wastewater. For example, the successful 


application of hydrodynamic cavitation reactors in treating wastewater with organic pollutants, 


emphasizing the enhanced results obtained through combined methods. The combined use of 


advanced Fenton oxidation and hydrodynamic cavitation for the treatment of persistent organic 


dyes in textile effluents. [1] Additionally, A pilot-scale is implemented for the operation targeting 


the removal of p-nitrophenol by utilizing hydrodynamic cavitation and Fenton chemistry, 


underscoring the effective degradation of contaminants. These studies collectively underscore the 
potential of EHC as a reliable method for oxidizing and breaking down pollutants present in 


industrial wastewaters. [9] 
2.2. Comparison with traditional treatment methods 


Electrochemical Hydrodynamic Cavitation (EHC) offers significant advantages over conventional 
water treatment methods, particularly in operational efficiency and effectiveness against 
challenging wastewater pollutants. Traditional techniques like biological oxidation and membrane 
separation struggle with persistent contaminants, while EHC utilizes cavitation from hydro- 
cavitator and venturi devices to generate reactive hydroxyl radicals that effectively break down 
pollutants. 

Research indicates that when EHC is combined with Advanced Oxidation Processes (AOPs), it 
significantly outperforms standard treatments in pollutant degradation. For example, integrating 
EHC with the Fenton process resulted in a 50-60% reduction in Total Organic Carbon (TOC), 
underscoring the technology's superior capabilities. Additionally, this combination leads to 
reduced sludge generation and lower chemical usage, emphasizing its potential for sustainable 
wastewater treatment solutions. 

Overall, adopting EHC techniques presents a promising alternative to traditional methods, offering 


increased efficiency and enhanced pollutant degradation capabilities. [2] 
2.3 Effect of Different Parameters 


1. Inlet and Outlet Pressure: 


o Inlet Pressure: Higher inlet pressures enhance cavitation intensity by increasing 
the turbulent pressure drop and energy dissipation rate across the orifice. However, 
super cavitation can occur at very high pressures, leading to reduced effectiveness. 
Optimal inlet pressures generally range from 0.3 to 0.8 MPa depending on the 
reactor type (venturi or orifice plates). The cavitational yield results from a balance 


between the collapse intensity and the number of cavities generated. 


(e) 


Outlet Pressure: Lower outlet pressures increase cavitation intensity, as shown by 
studies where cavitation occurred more effectively at lower exit pressures. 


However, detailed investigations on outlet pressure are less common. 


2. Initial Concentration of Pollutants: 


Higher initial concentrations of pollutants can reduce the degradation rate due to 
the limited availability of hydroxyl] radicals. This is because the radicals generated 
may not be sufficient to decompose all pollutant molecules, leading to lower 
removal rates. There can be an optimal concentration for degradation efficiency, as 
excessive concentrations might saturate the cavitation zone and reduce overall 


efficiency. 


3. Operating Temperature: 


(2) 


Temperature influences cavitation by affecting the vaporization rate of the liquid 
and the amount of dissolved gas. Higher temperatures generally facilitate cavitation 
but may reduce efficiency due to increased water vapor in bubbles. Optimal 
temperatures vary depending on the specific pollutant and the system, with a 
general trend showing efficiency peaks at moderate temperatures (e.g., 30—35°C 


for some pollutants). 


4. Initial pH: 


(2) 


The pH of the solution impacts the form of pollutants (molecular or ionic) and the 
generation of hydroxyl radicals. Acidic conditions often promote the formation of 
hydroxyl radicals and enhance degradation, while alkaline conditions might favor 
certain pollutants by changing their hydrophobicity or hydrophilicity. Optimal pH 
values depend on the nature of the pollutant and should be adjusted to maximize 


degradation. 


5. Treatment Time: 


(e) 


Longer treatment times generally increase pollutant removal by allowing more 
passes through the cavitation device. However, increasing flow rates can impact the 


number of cavitation events and efficiency. The performance is better understood 


in terms of the number of passes through the device rather than just treatment time. 
Models based on per-pass degradation factors provide a more accurate description 


of the cavitation process. 


6. Geometry of Hydrodynamic Cavitation : The geometry of the orifice plates significantly 

impacts the cavitational yield. Adjusting the flow geometry and conditions can optimize 
the frequency of turbulence. Using a plate with smaller hole sizes and more holes, while 
maintaining the same cross-sectional flow area, increases the shear layer area and 
cavitational effects. 
Orifice plates in HC reactors can have either single or multiple openings. Multiple 
apertures allow for various combinations of hole diameters and quantities, enabling 
different levels of cavitation intensity. The intensity is directly proportional to the ratio of 
the hole perimeter to the cross-sectional area. 


2.4 Analysis of results and implications for wastewater treatment industry 


Utilizing Electrochemical Hydrodynamic Cavitation (EHC) in the oxidation of water pollutants 
has displayed encouraging outcomes in the treatment of industrial effluents. Research has 
showcased the effectiveness of EHC in breaking down persistent organic pollutants like benzene 
tetracarboxylic acid derivatives, phenol, and organosulfur compounds. By merging EHC with 
advanced oxidation processes (AOPs) such as O3, H2O2, significant degradation of organic 
compounds has been accomplished. A specific study emphasized that the synergy between EHC 
and AOPs resulted in the complete oxidation of challenging contaminants, highlighting the 
potential for enhanced pollutant elimination. Moreover, the use of EHC has proven to be both 


energy-efficient and cost-effective when compared to alternative treatment methods. [4] 


2.5 Real-World Applications 


Table 2.2 Application of AOP’s in different industries 


Wastewater Operating 
Industry Results Reference 
Characteristics Conditions 
COD reduction = 
COD = 2400 mg/L, T =50 °C, pH =3, 
Textile 95%, Color removal 18,19 
Alizarin Red dye H202/Fe** = 95-290 
= 100% 
Phenol = 0.1 g/L, p- Phenol removal = 
T = 20-25 °C, pH = 
Petrochemical Nitroaniline = 0.072- 97.6%, p-Nitroaniline 20,21 
3, Solar & UV light 
0.217 mM removal = >98% 
pH = 3-3.5, 
COD = 900-7000 COD reduction = 
H202/Fe?* = 1.25, 
Pharmaceutical | mg/L, Berberine = 709 35.6%, Berberine 22,23 
Flow rate = 100 
mg/L removal = 91.4% 
L/h 
COD = 1384 mg/L, T = 25-70 °C, pH = TOC reduction = 
Pulp and Paper 24 
TOC = 441 mg/L 2.8, H2O2/Fe?* = 41 91% 
COD reduction = 
Landfill COD = 1000 and 4000 pH = 2.5, 
89.2% (1000 mg/L), 25 
Leachates mg/L H202/Fe** = 3 
68.2% (4000 mg/L) 


From this table, the major learnings are: 


1. Optimal pH for Treatment: Most effective pollutant removal occurs at an acidic pH 
(around 2.5—3.5). 
2. High Efficiency of Advanced Oxidation Processes: Using H2O2/Fe?* in specified ratios 


yields high pollutant and COD reductions (e.g., >95% COD reduction in textile and >98% 


specific pollutant removal in petrochemical). 


3. Temperature Variations: Treatment effectiveness can occur over a wide temperature 


range (20-70 °C), with notable performance even at ambient temperatures. 


COD and TOC Reductions: Significant COD/TOC reductions are achievable, with up to 
95% in textile wastewater and 91% TOC reduction in pulp and paper. 
. Variability in Efficiency: Treatment outcomes vary with initial COD concentrations; 


lower COD loads generally show higher percentage reductions. 
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3. CONVENTIONAL WASTEWATER TREATMENT METHODS 


3.1. Biological oxidation 


Biological oxidation is crucial for treating textile wastewater, especially effluents contaminated 
with hazardous azo dyes that threaten the environment and human health. Traditional methods like 
the Activated Sludge Process (ASP) and Upflow Anaerobic Sludge Blanket (UASB) each have 
their pros and cons; ASP is energy-intensive and costly, while UASB is slower but produces less 
sludge. To enhance treatment efficacy, researchers are exploring the integration of aerobic and 
anaerobic techniques. However, biological treatments can be affected by variations in organic 
loadings, which may disrupt microbial communities and operations. Additionally, persistent 
compounds in wastewater can hinder microbial activity. The combination of advanced oxidation 
methods with biological processes has shown promise in degrading challenging pollutants, 
potentially leading to cost-effective solutions. One area of interest is the use of cavitation as an 


enhanced oxidation technique for wastewater treatment, signaling a novel approach in this field. 


[4] 
3.2. Membrane separation 


Membrane separation is an effective method for wastewater treatment, utilizing semi-permeable 
membranes to filter contaminants based on size, charge, and other characteristics. Various 
processes such as ultrafiltration, nanofiltration, and reverse osmosis are popular due to their 


efficiency in addressing diverse water pollutants. 


One significant advantage of this technique is its ability to produce high-quality treated water 
suitable for reuse or safe discharge into the environment. By removing suspended solids, 
microorganisms, and dissolved organic compounds, membrane systems help meet regulatory 
water quality standards. Additionally, membrane technology offers an eco-friendlier alternative by 


reducing reliance on chemical additives and energy-intensive methods. 
However, membrane separation faces challenges, including fouling and scaling, which can 


compromise efficiency and increase maintenance costs. The substantial initial investment required 


for installing these systems can also hinder large-scale implementation. 
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In summary, membrane separation is crucial for effectively treating wastewater and ensuring the 
production of high-quality water. Ongoing research and development efforts are essential to 
address existing limitations and improve the performance of membrane systems in combating 


water pollution. [7] 


3.3. Limitations of conventional methods 


Traditional wastewater treatment methods, including biological oxidation and membrane 
separation, face challenges in managing persistent contaminants. A significant limitation is the 
inability of biological processes to degrade non-biodegradable substances due to stubborn 
compounds that hinder microbial metabolism, resulting in longer retention times and higher 
aeration costs. Conventional techniques such as flocculation, coagulation, filtration, and chemical 
oxidation also struggle with pollutants like persistent organic pollutants (POPs) found in industrial 


waste. 


In contrast, combining advanced oxidation methods with biological processes shows promise in 
effectively degrading resistant pollutants. Techniques like hydrodynamic cavitation (HC) 
integrated with advanced oxidation processes (AOPs) can enhance pollutant decomposition while 
lowering operational costs. HC is recognized as an environmentally friendly technology that 
improves conventional wastewater treatment by facilitating the breakdown of persistent organic 
pollutants. This integration presents a viable solution for overcoming the limitations faced by 


traditional treatment methods when dealing with complex pollutants in wastewater. [4] 
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4. ADVANCED OXIDATION PROCESSES (AOPS) 


4.1. Principles of cavitation 


Liquid cavitation is a remarkable physical phenomenon characterized by the formation and rapid 
collapse of cavitation bubbles due to pressure changes. Factors such as temperature, static pressure, 
and dynamic pressure play a crucial role in bubble formation. When these bubbles implode, they 
generate shock waves that produce high temperatures and pressures, enabling water molecules to 
convert into reactive hydroxyl radicals (OH-). These radicals are highly effective in oxidizing 
organic pollutants. Hydrophilic pollutants undergo degradation throughout the liquid volume and 
at the bubble interface, while hydrophobic pollutants are primarily degraded within the bubbles 
themselves. This cavitation process enhances pollutant removal by facilitating more efficient 
decomposition pathways compared to traditional methods. Integrating cavitation into wastewater 
treatment processes can lead to significant improvements in the oxidation and degradation of 


pollutants, highlighting its potential for advancing environmental remediation efforts. [12] 
4.2. Generation of reactive hydroxyl radicals (OH-) 


The combination of hydrodynamic cavitation and advanced oxidation processes (AOPs) presents 
an effective strategy for treating challenging contaminants in wastewater. Central to this method 
is the generation of highly reactive hydroxyl radicals (OH*), which are capable of breaking down 
complex organic pollutants. Research has demonstrated the efficacy of both hydrodynamic and 
acoustic cavitation in completely degrading various organic substances. 

When integrated with AOPs such as the Fenton method, ozonation, hydrogen peroxide treatment, 
or UV radiation, hydrodynamic cavitation significantly improves oxidation efficiency. This 
synergy has proven successful in thoroughly oxidizing pharmaceuticals, organic dyes, pesticides, 
and other resilient compounds.[2] 

The effectiveness of these combined techniques depends on several critical factors, including the 
design of cavitation devices, operating pressure, pH levels, temperature, and initial pollutant 
concentrations. By harnessing the advantages of hydrodynamic cavitation alongside AOPs, 
industries can effectively treat effluents containing persistent pollutants, achieving higher 


degradation rates while minimizing environmental impacts. See references: [11] 
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4.3 Different types of techniques can be used 


{  1.Photodecomposition 
H,0,/UV 
0;/UV 
2.Photocatalysis 
TiO,/UV 
Hz O2 / Fe* / UV 


Figure 4.1 Classification of Different Techniques [14] 


Electrochemical process; 


It refers to the electrochemical generation of oxidants such as hydroxyl radical, to destroy the 
pollutants and produce harmless products. Electrochemical based advanced oxidation process 


(EAOP) is an eco-friendly process as it uses electrons[14] 


It is further categorized into: Heterogeneous process and Homogeneous process 


a. Heterogeneous process - Hydroxyl radical (-OH), is generated at the anode surface - e.g., 


anodic oxidation. 


Mechanism 
1. Pollutants present in wastewater get absorbed on the surface of anode and are then 
oxidized. 


H20 — -OH+ H*+e— 
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2. Absorption of water molecules on anode to form adsorbed hydroxy] radical. 


MO, + H2O rd MO, (-OH) + Ht +e. 


3. Reaction of organic pollutants with adsorbed hydroxyl radical and mineralization 
to carbon dioxide and water. 


R+ MOx(-OH) — MO, + H20 + CO2+ H* +e 


Role of Metal Oxide Nanoparticles: 


e Titanium dioxide (TiOz) and zine oxide (ZnO) are commonly used due to their 
photocatalytic activity, breaking down dye pollutants into less harmful compounds. For 
example, TiO: generates electron-hole pairs when exposed to UV light, which leads to the 
formation of hydroxyl radicals that degrade dyes like Rhodamine B. 

e Iron oxide (FesO.) nanoparticles, due to their magnetic properties, can be easily removed 
from treated water, making them highly effective for removing dyes like methylene blue 


and Congo red from wastewater. [28] 


b. Homogeneous process - The hydroxyl radical (-OH), are produced in bulk)- e.g., electro 


Fenton, photoelectrofenton, sonoelectrofenton etc. 


Electro-Fenton Process is an indirect electro-oxidation technique with higher oxidation power. It 
has been developed to subdue the disadvantages of the Fenton’s process via controlled synthesis 


of H202. 


The Electro-Fenton process offers a safe and efficient way to treat wastewater by generating 
hydrogen peroxide (H2O2) directly in the treatment setup, reducing the risks of handling this 
chemical. Using carbon-based materials like graphite felt as the cathode, it produces H2O2 
continuously, while ferrous ions (Fe**) catalyse reactions that degrade pollutants swiftly. This 
method shows promise across a range of industrial applications, from textile dyes to 


pharmaceuticals, due to its ability to treat complex contaminants at a rapid pace.[14] 


In the Electro-Fenton process, H2O:2 forms at the cathode as an electric current pass through, with 
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the help of air. Ferrous ions are key players here, as they react with H2O2 to produce hydroxyl 
radicals (OH), potent agents that break down pollutants. This continuous cycle of generating Fe 
catalyst and H2O2 on-site speeds up the overall degradation process while minimizing chemical 


handling risks.[14] 


Peristaltic pump 


py O2taH" } 
‘\ 2H20 ' ; 
“te ' wl 


BOD anode Graphitic sheet cathode 
Anode Cathode Magnetic stirrer 


Permeate Feed 


Fig. 4.2 Electro-Fenton process. (a) Illustration of reaction mechanism in electro-Fenton 
process [26] and (b) The schematic of a continuous electro-Fenton process. [27] 
Mechanism 


1. Hydrogen peroxide is generated electrochemically by the reduction of oxygen gas. 


(Cathodic Reduction) 


O2 + 2H* 4+ 2e — H202 


2. Then a small quantity of ferrous ion is added to solution to enhance the production of 


hydroxyl radical. 


Fe** + @ — Fe*+ 
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Table-4.1 Advantages and Disadvantages of different process [14] 


Sr 
Process Advantages . 
No. Disadvantages 
Simple, flexible, Risky due to H2O2 handling, requires 
1 Fenton’s Process inexpensive, no extra acidic pH, iron sludge, incomplete 
energy required mineralization 
Ineffective for high-absorbance 
Photodecomposition Stable, accessible oxidant, 
2 pollutants, weak UV absorption, 
(H202/UV) cost-effective 
requires high H2O2 concentration 
High organic matter Electrode fouling, high ener 
3 Anodic Oxidation ee eree ai 
degradation consumption, O2 overpotential issues 
Energy efficient, robust, Expensive, electrochemical deposition 
4 Electro Fenton 
no chemical use reduces efficiency 


4.4. Efficiency in oxidizing and degrading pollutants 


The integration of Hydrodynamic Cavitation (HC) with various Advanced Oxidation Processes 
(AOPs) has shown significant effectiveness in the mineralization of micro-pollutants. Research 
indicates that combining HC with AOPs such as H202, Fenton reagent, and ozone results in 
enhanced synergistic effects, leading to increased production rates of hydroxy] radicals crucial for 
degrading persistent pollutants in wastewater. This combination improves pollutant degradation 
rates by boosting the generation and dispersion of hydroxyl radicals while addressing challenges 


related to mass transfer limitations and fouling in photocatalytic oxidation processes. 


Specifically, the merging of HC with Fenton's reagent, ozone, and other AOPs effectively breaks 
down bio-refractory pollutants, thereby improving the treatment efficiency of complex organic 
compounds. The combined approach aims to enhance oxidation potential and significantly reduce 
the overall pollutant burden. Overall, the collaboration between HC and AOPs presents a 
promising strategy for industrial wastewater treatment, indicating its potential to address 


environmental concerns associated with micro-pollutants effectively. [2] 
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4.5. Types of Cavitation Devices 


4.5.1 Oriface Plates 
These have one or more small openings that cause a sharp drop in liquid pressure, leading to 
cavitation. 
e Structure: Composed of converging, throat, and diverging sections. 
e Advantages: Generates high velocity and cavitation intensity; simple construction; lower 
maintenance costs. 
e Disadvantages: Susceptible to clogging and erosion; pressure loss and energy dissipation. 
e Optimization Factors: Geometric parameters such as throat diameter/height ratio, 
divergence angle, and throat length significantly affect performance. For example, a 


divergence angle of 5.5° is often optimal. 


Table 4.2 Comparison of Different types Oriface plates 


Multi- Single- Multi- Single- Multi- Single- 
Orifice Type 
Orifice Orifice Orifice Orifice Orifice Orifice 
Dia <3 Dia > 4 Dia <2 Dia = 3 Dia < 1 Dia > 2 
Diameter of Holes 
mm mm mm mm mm mm 
Flow Area (mm7) Low High Low High Low High 
a (mm) Low High Low High Low 
Total Perimeter of 
Low High Low High Low High 
Holes (mm) 
Orifice Velocity 
High Low High Low High Low 
(m/s) 
Cavitation Number 
Low High Low Low High 
(Cy) 
Degradation (%) High Low Low Low 
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4.5.2 Venturi Tubes 


These devices create cavitation by narrowing the flow of liquid through a constricted section. 


e Advantages: Simple design; flexible; low operational and maintenance costs. 


e Disadvantages: Susceptible to clogging and erosion; significant pressure loss. 


4.5.3 Vortex-Based Systems 


Newer systems like vortex diodes generate cavitation through swirling liquid flows. 


Emerging technology with advantages in reducing damage and not requiring 


moving parts. 


e Advantages: No moving parts required; reduces damage to reactor surfaces. 
e Disadvantages: Susceptible to clogging; less control over cavitational intensity 


compared to venturi and orifice types. 


4.5.4 Rotating Reactors 


These generate cavitation through rotational motion, further improving efficiency. 


e Advantages: Lower pressure loss; higher mass transfer efficiency. 


e Disadvantages: High operating and maintenance costs; complex construction; less 


flexibility in controlling cavitational intensity. 


19 


5. TECHNIQUES USING ELECTROCHEMICAL 
HYDRODYNAMIC CAVITATION 


5.1. Application of EHC for water pollutant oxidation 


Electrochemical Hydrodynamic Cavitation (EHC) has shown promising results in the oxidation of 
water pollutants by integrating cavitation principles with electrochemical processes. This 
innovative approach generates reactive hydroxyl radicals (OH-), which are highly effective in 
decomposing a wide range of organic contaminants, including resistant compounds like dyes and 
phenols. Research indicates that combining EHC with Advanced Oxidation Processes (AOPs), 
such as ozonation or the Fenton process, significantly enhances pollutant degradation. For 
example, using EHC alongside the Fenton process resulted in a 50-60% reduction in Total Organic 
Carbon (TOC) from industrial wastewater. Additionally, applying EHC within the Photo-Fenton 
process achieved an impressive 99% removal rate of Red-G dye in just 15 minutes under optimal 
conditions. The synergy of EHC and AOPs not only improves breakdown efficiency but also 
reduces chemical use and sludge production, offering a more sustainable solution compared to 
traditional treatment methods. Overall, EHC's effectiveness in tackling various wastewater 
contaminants highlights its potential as an eco-friendly and efficient technology for addressing 


water pollution issues. [2] 
5.2. Integration of AOPs with EHC for enhanced efficiency 


The combination of Hydrodynamic Cavitation (HC) and Cutting-Edge Oxidation Techniques 
(COTs) has shown promising results in improving the breakdown of persistent organic pollutants 
in wastewater. HC is recognized for its energy-efficient properties, generating voids that enhance 
treatment processes. COTs, which produce reactive hydroxyl radicals, effectively oxidize 
contaminants. Together, HC and COTs significantly increase the production of oxidizing radicals, 


leading to faster pollutant decomposition. 


Research indicates degradation of various organic compounds using HC in conjunction with 
oxidation methods such as O3, H2O2. This integration delivers better mineralization and energy 
efficiency compared to traditional methods. The synergy of HC and COTs yields superior results 


for challenging pollutants like methomy] and Benzene Tetracarboxylic Acid derivatives. 
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By facilitating effective free radical generation, HC optimizes interactions with pollutants in a 
short timeframe. This approach not only conserves energy but also minimizes operational costs 
and chemical usage while ensuring efficient contaminant mineralization. Future studies should 
focus on investigating different combinations of COTs with HC to further enhance treatment 


effectiveness. [1] [11] 
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6. FUTURE PROSPECTS AND RECOMMENDATIONS 


6.1. Potential advancements in EHC technology 


Advancing Electrochemical Hydrodynamic Cavitation (EHC) technology involves several critical 
research and development areas. Conducting field-scale experimental studies is essential to 
understand how different wastewater characteristics and operational parameters influence EHC 
efficiency, particularly using actual tannery wastewater for larger-scale validation of treatment 
processes. The development of kinetic models is necessary to determine the reaction rates of EHC 


and AOPs, facilitating reactor design for various scales. 


Quantifying by-products generated during EHC treatment is vital for assessing efficiencies, energy 
economics, and associated costs. Research should also focus on optimizing design parameters for 
different hydrodynamic cavitation reactors to improve pollutant degradation, with advanced tools 


like Computational Fluid Dynamics (CFD) modelling enhancing removal efficiencies. 


Additionally, implementing distributed EHC processing systems, which utilize simple 
hydrodynamic cavitation devices within household sewer pipes, could transform wastewater 
treatment methods. This innovative approach has the potential to deliver cost-effective, energy- 
efficient, and environmentally friendly solutions to tackle the challenges of oxidizing water 
pollutants. Overall, these efforts aim to enhance the effectiveness and sustainability of wastewater 


treatment processes. [6] 
6.2. Recommendations for further research and implementation 


To enhance the effectiveness and versatility of Electrochemical Hydrodynamic Cavitation (EHC) 
technology for water pollutant oxidation, several key areas require attention. First, studies utilizing 
authentic wastewater samples with diverse contaminants are needed to understand EHC's 
performance in real-world conditions. Investigating various operational parameters and 
wastewater characteristics will provide insights into optimal pollutant degradation conditions. 

Additionally, developing kinetic models is essential for determining reaction rates and integrating 


EHC with other advanced oxidation processes. These models will facilitate reactor design for 
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varied applications, improving overall efficiency in pollutant degradation. 

Accurate quantification of by-products generated during EHC treatment, along with assessments 
of treatment efficiency, energy consumption, and costs, is vital for refining this technology for 
industrial use. Understanding by-product formation mechanisms and implementing effective 
treatment methodologies will support the sustainability of EHC systems in wastewater 


management. 


Finally, future research should explore synergistic interactions between EHC and alternative 
oxidation methods like ozone, Fenton, and photocatalysis. Analyzing how these processes can 
complement one another could lead to improved pollutant removal efficiencies, offering valuable 


insights into optimizing wastewater treatment systems based on EHC technology. [10] 


Future research focuses on optimizing synthesis methods to reduce costs and improve the 
scalability of nanoparticle production. Green synthesis methods using plant extracts or 


biocompatible materials are being explored to produce eco-friendly nanomaterials. 


There is ongoing investigation into doping metal oxides with various elements (e.g., Fe-doped 
TiOz) to improve their performance under visible light, making them more efficient in natural 


sunlight-driven processes. 


6.3. Economics 


Table 6.1 Cost Analysis of different methods [14] 


Contaminant Type Treatment Method | Cost (per L or m*) | Reference 

Ozone (Os) $0.03/L 
O3/UV $0.51/L 

Phenol-Contaminated Water ie) 
H202/UV $1.64/L 
Photocatalysis-TiO2 $43.36/L 
Ozone (Os) $0.04/L 

Reactive Azo Dye Water 15 
O3/UV $0.24/L 
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H202/UV $0.32/L 
Photocatalysis-TiO2 $7.15/L 
Ultrasound (US) $4000/m3 
Photocatalysis-Ti02 $2284/m3 
UV $400/m3 
Phenol-Contaminated Water | Conventional Fenton $4/m3 16 
Ozonation $0.32/m3 
US + UV $800/m3 
UV/H202 $80/m3 
Ozonation $0.62/m3 
UV/H202 $0.88/m3 
Trichloroethylene (TCE) cae poe 16 
US/UV $3.99/m3 
US $6.82/m3 
Photocatalysis $24.08/m3 


Key Learnings from the analysis are, the treatment costs vary widely. Photocatalysis (TiOz) is 
the most expensive, while ozonation is generally cost-effective. Where Ozone (Os) treatment is 
economical for phenol ($0.03/L), reactive azo dye ($0.04/L), and TCE ($0.62/m3). and 
Photocatalysis is costly, reaching $43.36/L for phenol and $24.08/m for TCE, limiting large- 
scale use. But combining methods like O3/UV and US/UV raises costs compared to single 
methods. The Fenton method is affordable at $4/m3 for phenol, showing traditional methods can 
be viable. So, Ozonation is generally the most economical option. Advanced methods like 


photocatalysis and US are costly and best for niche applications needing superior results. 
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7. CONCLUSION 


In conclusion, the adoption of Electrochemical Hydrodynamic Cavitation (EHC) in the oxidation 
of water pollutants emerges as a promising strategy in wastewater management. By combining 
EHC with Advanced Oxidation Processes (AOPs), it is possible to achieve an enhanced ability to 
oxidize and decompose pollutants. Research shows that EHC effectively treats industrial effluents 
and outperforms conventional treatment methods by addressing a wide range of contaminants. The 
use of EHC demonstrates significant mineralization of pollutants and effective disinfection results, 
suggesting its potential to replace complex treatment procedures. Furthermore, integrating 
hydrodynamic cavitation principles with electrochemical methods provides a scalable and efficient 
solution to meet the increasing demand for advanced treatment options in the wastewater sector. 
As advancements in EHC technology continue, further investigation and application are 


recommended to fully leverage the benefits it offers for sustainable water pollutant oxidation. [7] 
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